Models based on the extended SU (3)C × SU (3)L × U (1)X (331) gauge group usually follow a common pattern: two families of left-handed quarks are placed in anti-triplet representations of the SU (3)L group; the remaining quark family, as well as the left-handed leptons, are assigned to triplets (or vice-versa). In this work we present a flipped 331 model where this scheme is reversed: all three quark families are in the same representation and it is the lepton families which are discriminated by the gauge symmetry. We discuss fermion masses and mixing, as well as Z interactions, in a minimal model implementing this idea.
Introduction
The idea of embedding the Standard Model (SM) electroweak symmetry group in SU (3) L × U (1) X was proposed a long time ago. Early work, see for example [1] [2] [3] [4] , were mostly attempts to explain the absence of flavor changing neutral currents (FCNCs) using an extended gauge sector instead of a GIM mechanism. A fully-fledged three generation model was then proposed by Singer, Valle and Schechter (SVS) in 1980 [5] . A "minimal" 331 model was constructed by Pisano, Pleitez [6] and Frampton [7] (PPF). Both the SVS and the PPF models, as well as (nearly) all other 331 models, follow the same, simple construction principles, as discussed below. Any model beyond the SM needs to satisfy two important constraints:
1. Extra fermions should not be introduced, unless they are vector-like under the SM group; i.e. they must either be in a real representation of SU (3) C × SU (2) L × U (1) Y , or come in pairs of complex conjugated representations.
Gauge anomalies should cancel.
These two conditions turn out to be very restrictive for the fermion sector of 331 models. Just to mention one example, the authors of [8] considered the consequences of gauge anomaly cancellation (condition 2) in 331 models with SU (3) L singlets, triplets and anti-triplets. With only those representations the standard construction is to place the left-handed lepton doublets of the SM in three SU (3) L triplets ψ (one per generation). Then, in order to cancel the SU (3)
3 L anomaly, for the left-handed quarks there is no choice except to put two families in anti-triplets (Q 12 ) and the remaining one (Q 3 ) in an SU (3) L triplet (due to the color multiplicity of the quarks). Furthermore, one should add SU (3) L singlets for the right-landed leptons and quarks ( c , u c and d c ). The fermion content of the model is wrapped up by noting that each SU (3) L (anti)triplet contains an SU (2) L doublet plus an extra singlet, and this latter fermion must be vector-like, hence SU (3) L singlets with an adequate color and U (1) X charge should be added to the model ( X , J 12 and J 3 ). Finally, for the symmetry breaking and the generation of fermion masses, a set of scalars is needed. Again, in the minimal setups, usually three SU (3) L triplets are introduced to provide the required Yukawa interactions and gauge boson masses.
It is important to note that SU (2) L × U (1) Y can be embedded in SU (3) L × U (1) X in more than one way; this can be parametrized by a number β which relates the hypercharge Y , the T 8 generator of SU (3) L and X as follows:
In fact, it turns out that one can build minimal models obeying the two conditions above for an arbitrary β with the representations in table 1. Table 1 : Representations used in a "standard" 331 model for a generic β parameter. The φ i are scalars while all other fields are left-handed Weyl fermions. It is also possible to flip the sign of β and at the same time swap all SU (3) L representations to the corresponding anti-representations.
For example, the Singer-Valle-Schechter model [5] is obtained by substituting β = −1/ √ 3, while the Pisano-Pleitez-Frampton model [6, 7] uses β = − √ 3. The various 331 models may also differ from oneanother in the scalar sector or perhaps due to the addition of vector fermions (under the full 331 group) -indeed, such modifications might be needed to account for the observed charged lepton [10] and neutrino masses [11] . Furthermore, for some values of β, some of the representations in the table might be vector-like (or form vector-like pairs) hence they might be removed without violating the conditions 1 and 2 in the text. This reduces the number of fermion fields in the SVS model to 18 and in the PPF version to 15.
Switching triplets with anti-triplets of SU (3) L and changing β to −β is also allowed and this leads to pairs of models, with rather similar phenomenology but subtly different FCNC effects, suppressed by (Λ EW /Λ 331 ) 2 [9] . Ignoring running effects, it is easy to show that the gauge couplings of
If we add the condition that no fractionally charged leptons should appear in the physical spectrum, 2 only four values of β lead to viable models: β = ± √ 3, ±1/ √ 3. With the above-mentioned switch to anti-representations this makes a total of 8 possible basic models.
Finally we mention the 331 model which is obtainable from an E 6 grand unified theory [12] . This model is a notable exception to the scheme of table 1 because in it all three families of quarks and leptons are in equal
It is curious to note that in this model anomaly cancellation occurs within one family -as in the Standard Model -thus dispelling the notion that 331 models predict the number of families to be equal to the number of colours.
A flipped 331 model
As we have mentioned already, in addition to choosing different values of β, some simple adjustments can be made to the class of 331 models mentioned so far: (a) the scalar sector may be changed, for example by adding more fields or (b) fermions which are vector-like under the full 331 symmetry might be added to the model. More interesting, however, is the observation that gauge anomaly cancellation does not force 331 models to follow the structure of 
3, 2, Anomaly cancellation works in the flipped 331 model as follows: an SU (3) L sextet contributes as much as 7 triplets to the SU (3) 3 L anomaly, which at first seems problematic. Not only is this number large, it is not directly relatable to the number of families (3) nor the number of colors (also 3). The simplest solution to such a large anomaly contribution is to make the sextet field a lepton; otherwise, if it were a quark, the color multiplicity would compound the problem of canceling the SU (3) 3 L anomaly. The decomposition of a sextet representation is as follows (for a generic β):
Significantly, the sextet contains an SU (2) L triplet. This triplet will have necessarily an electroweak scale mass, unless it is made a vector particle under the SM gauge group. To do that one could introduce other (bigger) SU (3) L multiplets to find a 1, 3, −x − 1 √ 3 β state which can form a vector pair with the triplet in equation (2) . While such a construction might indeed be possible, it runs the risk of requiring a large number of extra representations (see section 3.6 of [13] ). Yet, there is a simpler alternative. For x = − 1 √ 3 β the triplet in equation (2) becomes a real representation, thereby solving the problem. Note that, if the sextet was a quark, this idea would not work.
We will thus focus on the possibility of identifying the doublet inside the sextet as one of the families of the left-handed leptons: L e = 1, 2, −1/2 . (The reason for associating it with the electron will be made clear in the next section.) In that case,
The two remaining families of left-handed leptons, L µ and L τ , can then be put into either triplets or antitriplets of SU (3) L . However, the triplet possibility is clearly more interesting for the following reason: one sextet and two triplets provide an anomaly contribution exactly equal to the one of nine triplets. Hence, if all three left-handed quarks are placed in anti-
It is then rather simple to add the correct SU (3) L singlets in order to reproduce the SM chirality (condition 1 above). And, surprisingly, without further tuning the model, it turns out that not only does the SU (3) 3 L gauge anomaly cancel, but in fact all gauge anomalies cancel in this minimal setup (see table 3 ). Thus, no additional particles are needed in the fermion sector of this minimal flipped model, which is summarized in table 2.
With conditions 1 and 2 satisfied, all that remains is to find adequate scalar fields. Using the notation in table 2, one should have at least the Yukawa interactions Qu c × scalar, Qd c × scalar, L µτ c × scalar, L e L e × scalar and L e c × scalar. The minimal setup to do this contains three scalar triplets φ 1,2,3 and a scalar sextet S. Note that two copies of the same triplet representation, φ 1 and φ 2 , are needed for fermion masses, as explained below. Table 3 : Contribution of one copy/flavor of a given fermion representation to each of the five gauge anomalies. The sum of all rows, weighted by the number of flavors in the last column, adds up to zero, hence the model is anomaly free.
Fermion masses and FCNC constraints
We shall not consider in detail the scalar potential of the model. Instead we assume that there exists a stable, charge-preserving vacuum state and study the consequences. In this spirit, we allow all neutral scalar components to have a non-zero vacuum expectation value (VEV):
In this notation, all n α stand for VEVs which are singlets of the SM gauge group, all k α are associated with SM doublets, and S is the VEV of the SM triplet. Hence, in principle one expects that S k α n α . The following Yukawa interactions are allowed by the gauge symmetry:
Here, repeated Greek indices α, β, representing flavors of the fermion fields, are assumed to be summed over. Fermion masses are generated from these interactions once the scalar fields acquire VEVs,
The quark sector of the model is rather simple. Quark masses can be accommodated at tree level with a suitable choice of VEVs and Yukawa couplings y
in the basis
From equation (8) it is straightforward to understand why the model needs two copies of φ 1,2 : in the case of only one φ, the mass matrix m u has rank 3, thus generating three massless up-quarks. On the other hand, with two copies of φ and requiring k 1 /n 1 = k 2 /n 2 , the model is able to fit the data, but there are no predictions in the quark sector.
Let us now consider the charged lepton mass matrix in the basis Ψ = (
A striking feature of this matrix is that there is a combination of the last three rows which adds up to 0, hence there is a massless combination of the Ψ α and of the Ψ c α as well. The latter turns out to be a combination of the six c β so it is a pure 1, 1, 1 state under the Standard Model group. As for the negatively charged massless state, it is easy to check that it corresponds to ∝ k S Σ − + (n S − S ) e − k S E e . A natural possibility, although perhaps not the only one, is to associate this combination to the left-handed electron, the lightest of the charged leptons -hence the subscript e in L e . The admixture of Σ − (part of an SU (2) L triplet) and of E e (an SU (2) L singlet) is suppressed by the ratio k S /n S . This ratio has to be small, due to the smallness of neutrino masses, see below. Note also that in the limit y → 0 there appears a second massless eigenstate. This limit is of course unphysical, since it corresponds to a fourth light charged lepton.
The electron mass can be generated by radiative corrections to the matrix m -specifically to the block dependent on y . For example, the effective operator figure 1 , generates a contribution, roughly of the order of:
Here, Λ is of the order of the 331 breaking scale and λ ij is the coupling constant of the quartic scalar interaction Sφ 3 φ * i φ j (i, j = 1, 2). Inserting very roughly n i ∼ Λ ∼ 10 3 GeV, k 3 ∼ 100 GeV and all couplings y ∼ y ∼ λ ij ∼ 0.2 results in a mass correction of the MeV order. 
i.e. at tree-level there are two massless neutrinos, ν µ and ν τ . In the seesaw approximation, the two non-zero eigenstates have masses m Σ y n S and m ν y S − k 2 S / (2n S ) . The latter is a mixture of a type-II and type-III seesaw mechanism contributions. Unless one considers the extremely fine-tuned situation where
, this implies that k S has to much smaller than all other k i , i.e. for n S ∼ TeV one needs k S to be below 10 −3 GeV. This tree-level picture is clearly insufficient, since oscillation data requires (a) that at least two neutrinos should be massive, and (b) that ν e mixes with the two other light neutrinos. We thus have also to consider loops contributing to the neutrino mass matrix. We are especially interested in effective operators of the type
, since these will generate contributions mixing ν e with ν µ and ν τ . Indeed, as shown in figure 2 , such type of operator is already present in the model, using only the minimal set of scalars given in table 2. A rough estimate of this diagram results in
where f ij = f ji represents the coupling constant of the trilinear scalar interaction φ i φ j S (i, j = 1, 2). Note that equation (13) does not include the corresponding loop functions and thus serves only as a rough order-of-magnitude estimate.
There is sufficient freedom in the Yukawa couplings and the VEVs to consider the four ω αβ coefficients to be essentially free parameters. Inserting the ω αβ coefficients in the matrix m ν shown in equation (12), and integrating out the heavy Σ 0 state with the standard seesaw formula, we obtain
in the (ν e , ν µ , ν τ ) basis, to a good approximation (for simplicity, we ignore here the charged lepton rotation matrix, which at tree level only affects the µτ sector). Notice that the structure in the µτ block of this matrix has determinant zero. Neutrino oscillation data [14] can be fitted to a matrix with such a property, but the fit strongly prefers inverse hierarchy with a small but slightly non-zero value for m ν3 . One can also easily check that for y
GeV, one requires roughly f ij ∼ 10 GeV in order to get entries in the neutrino mass matrix of order few 10's of meV, the magnitude required by the experimental data for inverse hierarchical neutrinos.
Thus, the minimal model, as defined in table 2, predicts an inverse hierarchy for neutrinos. However, it should be kept in mind that with more scalars added to the model, other fits to neutrino data will become possible as well.
Finally, we turn our attention to flavor changing neutral current effects in the quark and charged lepton sectors. In addition to the Standard Model photon and Z boson, 331 models contain a Z boson with fermion interactions which are essentially diagonal in the flavor basis. In standard 331 models, since all three lepton families are in the same group representation, there are no Z lepton flavor changing interactions. On the other hand, left-handed quarks are placed in one triplet plus two anti-triplet representations of SU (3) L . For the Z quark-antiquark interactions there appears then a matrix η = diag (1, −1, −1) in the flavor basis which, once the quarks are rotated to the mass eigenstate basis, produces a vertex proportional to the combination V † ηV , where V is the rotation matrix for left-handed quarks. Thus, the GIM mechanism does not work in Z interactions with quarks in standard 331 models. This results in stringent lower limits on the Z mass [15] .
In our model, the situation is reversed. Now all left-handed quark families are in anti-triplet representations, thus the only limits on Z from FCNC observables come from terms mixing ordinary with exotic quarks. Note that this mixing can be made arbitrarily small [16] . For this reason, anomalies in rare kaon an B decays cannot be explained by Z interactions in our setup. However, since leptons are in different multiplets in our model, now potentially dangerous Z interactions will appear in the lepton sector (see figure 3 ). In the flavor basis, the relevant Lagrangian term is
with y e,µ,τ = −1/2, x e = −1/3 and x µ,τ = −2/3. After rotation to the mass basis, with a matrix V lαl β (α, β=e, µ, τ ), we find:
so [17] Br
Figure 3: The µ → eee decay mediated by the Z gauge boson in the flipped 331 model.
However, recall that e and µ do not mix at tree level. After taking into account radiative corrections, one expects that not only a non-zero electron mass will appear, but also a non-zero mixing element V e µ , of the order of m e /m µ , will be generated. Thus, we obtain the simple estimate Br (µ → eee) 10
Given that this branching ratio is known to be smaller than approximately 10 −12 [18] , it provides a lower bound on the Z mass comparable to the LHC one (m Z 3 TeV) [19, 20] . Note that equation (18) depends quadratically on V e µ .
In models such as this one, the Z boson mass eigenstate has a slightly different composition than in the Standard Model, which is a consequence of the so-called Z-Z mixing. In practice, this means that there is an analogue to the diagram in figure 3 where the Z is replaced by a Z boson. However, the Z ν µ L γ ν e L interaction is suppressed by a factor ρm 2 Z /m 2 Z relative to the Z ν µ L γ ν e L interaction. It turns out that |ρ| < 1, so at most we expect a O (1) correction to equation (18) due to Z-Z mixing. 3 We mention in passing that there will also be some constraints from other decays such as i → j γ, which are induced by loops with the heavy gauge bosons or the heavy fermions. However, we expect the decay µ → eee to give the most stringent bound on the 331 breaking scale.
Summary
This work describes for the first time a model based on the SU (3) C × SU (3) L × U (1) X gauge group where all three quark families are placed in equal representations of the gauge group, while the lepton families are not. The required number of fermions representations is the same as in a standard 331 model. There are no gauge anomalies, and the observed fermion masses and mixings can be accommodated with a minimal scalar sector composed of three triplets and a sextet. Unlike in standard 331 models where the parameter β controlling the relation Y = βT 8 + X can take more than one value, in our flipped 331 construction β must be 1/ √ 3. With the minimal setup considered in this paper, one charged lepton (the electron) and two neutrinos are massless at tree level. Radiative effects can generate the missing masses and mixing angles, favoring an inverse neutrino mass hierarchy, with ν 3 almost massless. If the scalar sector of the model is extended, other constructions might be possible.
As in all standard 331 models, there are potentially dangerous flavor violating Z interactions. However, unlike in other 331 models, in our flipped scenario there are no constraints from the quark sector, and Z interactions in the model cannot explain the known hints of anomalies in K and B physics. Instead, amplitudes of lepton number violating processes are expected to be sizable. For example, if the Z is observed at the LHC, we expect that the proposed Mu3e experiment [21] would very likely observe the decay µ → eee.
